High pressure nuclear magnetic resonance is among the most challenging fields of research for every NMR spectroscopist due to inherently low signal intensities, inaccessible and ultra-small samples, and overall extremely harsh conditions in the sample cavity of modern high pressure vessels. This review aims to provide a comprehensive overview of the topic of high pressure research and its fairly young and brief relationship with NMR.
1. An unexpected journey for an NMR spectroscopist, a motivation "Pressure. To most people the word brings to mind the stress of our lives in a time of economic crisis. Yet to many scientists, pressure means something very different; it is an idea filled with wonder and power -a phenomenon unlike anything else we know. Pressure shapes the stars and planets, forges the continents and oceans, and influences our lives every moment of every day."
These are the opening lines of Robert Hazen's intriguing monograph "The New Alchemists", in which the author describes the early days of modern high pressure science, and its evolution towards one of the most challenging and fascinating research branches today [1] . It is precisely because of this challenge and uniqueness of high pressure research that we need to take a closer look at the methods available today, which allow us to recreate extreme conditions in the tiniest of spaces inside a laboratory. Thus, in this review, we will metaphorically retrace the footsteps of Jules Vernes' Professor Lidenbrock as he descends beneath the surface of the Earth, towards a strange and unknown and yet utterly enticing world -which we now know to be under extreme pressure. But why investigate pressure with NMR? While this simple question is frequently raised in an NMR environment, it is not that easy to answer. As far as NMR is Figure 1 : Even on our planet Earth, pressure ranges over about seven orders of magnitude from its surface, at one bar of atmospherical pressure, to the gravitational centre with about 360 GPa. The schematic picture shows the inner structure of the Earth together with a pressure-temperature scale and corresponding depths. Up to now, NMR techniques are able to mimic the extreme conditions of the inner mantle -disregarding elevated temperatures for now-corresponding to a depth of about 2000 km.
concerned, the most typical ways to alter a given system are by altering its chemical composition, e.g. through doping, increasing or decreasing temperature, or using high or low magnetic fields. Pressure modifying vessels, on the other hand, are only rarely employed in NMR research, owing to substantial technical difficulties associated with the design of such apparatuses; their demand for radio-frequency (RF) resonators, which require most NMR spectroscopists to look over the rim of their tea cup; as well as their inherent inability to use modern high sensitivity and line narrowing methods like MAS or DNP. Nevertheless, in condensed matter systems, where the interatomic bond strength easily exceeds several eV, utilisation of immense pressures is needed to induce significant structural or electronic changes. Other ways of increasing energy density would require tremendous resources, or else are simply extremely impractical. For example, the application of an external magnetic field of 50 T would only correspond to the application of about 1 GPa (10.000 atmospheres) 1 ; a pressure which is easily reached in modern diamond anvil cells. If we would start to compare these pressures with the geothermal gradient of our planet Earth, we would have started our hypothetical journey at the bottom of the Mariana's trench, corresponding to about 1 kbar or 100 MPa of pressure exerted by the 11 km high water pillar above us. Reaching deeper into Earth's interior, say to a depth of about 200 km in the middle of the upper mantle, the experienced pressure would be similar to the contact pressure of the Eiffel tower turned up side down and balanced on its tip, which would only be 10 GPa (about 100.000 bar). At one mega-bar, or 100 GPa, we would already have "dived" down half way through the lower mantle, and at a crushing 350 GPa our journey would come to a violent end upon reaching Earths' gravitational centre, a solid ball primarily comprised of iron and nickel. Clearly, Professor Lidenbrock and his companions would have come to a literally crushing end as well, had they succeeded in their quest. In modern high pressure laboratories, of course, Jules Vernes' fictional journey takes a somewhat different path. Here, pressures are generated by the application of pressure sustaining vessels, which are often composed of a movable piston and an enclosed pressure chamber [2] . Especially with the invention of the diamond anvil cell by Charles Weir [3] and Alvin van Valkenburg [4] in 1959, high pressure science took up momentum and became an integral part of contemporary chemistry, biochemistry, physics, and geophysics [5, 6, 7] . As the technique evolved with higher quality diamonds of increasingly complex geometries, and harder materials used for the pressure vessels, the range of applicable pressures rapidly increased well into the megabar regime (1 Mbar = 1 million atmospheres) [8, 1] , mimicking the extreme conditions at the centre of the Earth. Recently, record pressures of up to 1 TPa were achieved in double-stage diamond anvil cells [9] . This review's aim is threefold. Firstly, readers not familiar with this rather exotic application of magnetic resonance 2 should 1 The energy density of a magnetic field is given by ρ B = B 2 /2µ 0 , yielding 9.94 · 10 8 Jm −3 for 50 T which is roughly 1 GPa (pressure has the same dimension as energy density) 2 I am omitting the specification of "nuclear" here on purpose, because the gain a general impression of the "nuts and bolts" approach associated with these experimental set-ups. Secondly, I will review NMR experiments obtained using micro-coil and magnetic flux tailoring techniques, which are capable of reaching pressures from between 1 GPa and close to 1 Mbar. Closely related to this is a critical overview of some methodological difficulties arising within certain experiments, which can complicate data analysis, or might even lead to false interpretations.
From
Psi over Torr to kbar. The Low pressure regime as the playground for bio-chemistry and life-sciences.
Let us begin our journey with a pressure regime ranging over almost four orders of magnitude from ambient conditions to about 1 GPa. This is the realm of high pressure Bio-NMR, were one of the more commonly used and better known high pressure NMR set-ups is used. This approach uses so-called clamp cells, which are basically comprised of a movable piston exerting the pressure on a sample volume often as big as 100 µl . As this pressure range is still below solidification transitions of most liquid buffer media, it has been proven to be an ideal tool investigating pressure driven protein folding and unfolding dynamics in liquids [10, 11] under increasing compressional stages. Figure 2 schematically demonstrates the famous protein volume theorem first proposed by Kitahara et al. [10] and Li et al. [11] .
As this field of high pressure NMR research is extremely extensive and already very well studied, I would like to draw the attention of the reader to the comprehensive review articles from Jonas [12] , Ballard [13] , and Roche et al. [14] . Figure 2 : Schematic representation of the protein-volume-theorem of an arbitrary protein in an arbitrary energy landscape. The native folded molecules often occupy the highest molar volume, whereas a decrease in the overall volume leads to a destabilisation of the protein structure.
techniques presented are also applicable for pulsed ESR methods.
Within the Upper Mantle: First Endeavours with DACs
Up to this point in the pressure-temperature landscape, experimental conditions mimicking the pressure at the bottom at the Marianas trench, and some kilometers deeper in the Earth's crust, could easily be achieved without the application of diamond anvil cells. However, conditions beyond 1 GPa demand a much more powerful device. In this sense, the DAC turned out to be one of the most versatile pressure generating vessels, as it enables the experimenter to not only reach very high static pressures, but also provides him with an astonishing variability of set-ups which can be adopted to a plethora of different experimental environments. Nevertheless, performing NMR experiments in a DAC can at best be considered problematic due to the following reasons. 1) The available sample volume in a DAC is often several orders of magnitude smaller than in a standard NMR experiment. The reason behind this is obvious: We can either generate high pressures by applying a huge force on a sample of some dozens of mm 3 , which becomes exceedingly unpractical as we reach pressures above, say, 2 or 3 GPa. Also, these such so-called "large volume" presses are typically fairly large [15] (several meters in height, for example), thus an application in a superconducting NMR magnet would be out of the question. The other possibility is, of course, to reduce the size of the pressurising area. In a DAC, typical culet sizes 3 are between 1.2 and 1 mm. As the sample cavity should be a bit smaller than the diameter and rather flat, we have to work with a sample of roughly 500 µm in diameter and 120 µm in height, which some NMR spectroscopists might already consider impossible to work with.
2) The cavity is tightly enclosed by diamond from two sides, and by a very hard and often metallic gasket which seals the cavity, and provides additional "massive support" of the diamond anvils [16] . Thus, any available free space is located far off the actual sample. 3) If we are talking about pressures exceeding 1 GPa, we have to start thinking about hydrostaticity, that is in NMR we need a more or less uniform pressure distribution in the sample cavity, as we are detecting NMR signals from the bulk of the sample. Thus, non-hydrostatic conditions which arise if pressure media turn solid, either at cryogenic temperatures or at high pressures, can lead to ambiguous and distorted NMR spectra. The first NMR experiments in DACs emerged in the late 1980s. The main idea of these pioneering groups was to place a small RF coil operating at predominantly hydrogen frequencies as close as possible to the sample cavity without distorting the diamonds or the metallic gasket. These set-ups include resonators which comprised, for example, a pair of coils placed on the diamonds pavilion [17, 18] , a gradient-field Maxwell coil [19] , or a single loop cover inductor coupled with a split rhenium gasket [20] . A more detailed overview of the development of these high pressure NMR techniques is given elsewhere [21] . The hairpin and gasket resonator approaches shown in figure 3 demonstrate a certain amount of ingenuity needed to overcome 3 We often refer to the culet as the flattened area on the tip of the diamond anvil. A) The "Hairpin" resonator could be placed on top and bottom of the rhenium gaskets, thus forming a gradient-field Maxwell coil. After Lee et al. [19] B) The "Key Hole" gasket resonator basically consists of a copper cover inductor, which is directly connected to the spectrometer and is in electrical contact to a split rhenium gasket, leading to a focusing effect of the RF B 1 field at the sample cavity. After Pravica and Silvera [20] the obstacles described above. With these set-ups, pressures as high as 13 GPa could be reached [22] . Nonetheless, the set-ups are far from ideal.
As the hairpin resonator is far off the actual samples, the filling factors in this approach are in the order of a fraction of a percent, leading to a spin sensitivity of about 10 19 spin/ √ Hz, which is roughly a factor of 100 lower compared to the standard NMR sensitivity of a static non-DNP experiment. While this improvement sounds very promising, we have to keep in mind that the sample dimensions are already decreased by a factor of about 10 6 in a DAC such as was used in these experiments. Thus, very long data acquisition times hampered a further application of this technique beyond its use for hydrogen NMR in liquid samples, where NMR signals are typically sharp enough to be detected after a couple of thousand scans [23, 24, 25] . Experience has shown that the problem can only be solved if the RF resonator's filling factor could be significantly improved. At the end of the 1990s, Pravica and Silvera came up with one of the most interesting ideas so far: the electrically conductive rhenium metal gasket was cut open from the sample hole radially outwards, resembling a key hole 4 . The slit was filled with a mixture of diamond powder and NaCl, which, after careful melting of the NaCl powder, formed a homogeneous filling of the slit. Afterwards, a copper cover inductor, connected directly to the NMR spectrometer, was placed in contact with the slitted gasket. Therewith, NMR experiments could be performed using the electric coupling of both gasket and cover inductor, leading to a locally enhanced B 1 in the sample chamber, and an increase of spin sensitivity by one order of magnitude compared to hairpin resonators. However, the downfall of this approach is a bit more subtle. First, as the conductivity of rhenium is one order of magnitude less than that of copper, the quality factor of the key hole resonator gasket is rather low. Coupling of both resonators also turns the copper cover inductor into a lossy resonator. Secondly, the slit in the gasket forms a capacitor with the NaCl grains due to its conductivitiy, breaking down the electric field into small steps of floating potential in the capacitor. Now, since this ca-pacitor is rather inaccurate, the self resonance of the slit gasket will be far off the desired resonance frequency of the nuclei in the sample, and the slit gasket basically forms a lossy inductance. Furthermore, both sodium and chlorine ions show increasing mobility when under pressure or stress, thus they move due to applied magnetic fields, warming up the gasket through thermal dissipation, and reducing the Q even further. Therefore, all proximity advantages due to the geometry are negated. These developments mark the apex of the first evolution period in DAC-NMR research. Unfortunately, only a handful of groups tackled this demanding task. Also, as sensitivities were very low and actual acquisition times exceedingly long, it was widely believed that this method could only be applied for proton NMR. Nonetheless, while being able to perform NMR experiments at pressures of around 5 GPa seems to be a great accomplishment indeed, we still need to dig deeper into our metaphorical hole in the ground. Far deeper.
Reaching the Lower Mantle: where things become tricky
Up to this point, we were merely able to literally scratch the surface of our planet. The analogy of an apple seems fitting: We would have penetrated the apple to just below its peel. So, most of the interesting things are still deeper below, awaiting their discovery. This demand for higher pressures can easily be understood then we think about chemical bonding and crystal structures. To investigate transitions in the electronic or atomic environment of a solid, we need to be able to increase its energy density, i.e. the pressure, up to a point where atomic distances in a system are below a certain threshold, triggering phase transitions. Here, we are typically not only talking about structural phase transitions but also about higher order phase transitions like electronic or magnetic transitions 5 . Of course, the pressure needed to trigger these transitions changes from system to system. For example, the cuprate high-temperature super-conductors exhibit a layered structure with copper-oxygen layers separating their charge reservoirs [26] . These systems are prone to react rather sensitively to the application of pressure. For example, it was reported that the super-conducting transition temperature T c in Hg 1−x Pb x Ba 2 Ca 2 Cu 3 O 8+δ rises significantly under an application of about 30 GPa with a maximum in T c of 164 K [27] . Inducing structural phase changes in these systems can potentially occur at pressures far below 10 GPa 6 , as it was reported in YBa 2 Cu 4 O 8 [28] , followed by a complete collapse of super-conductivity [29, 30] . More robust systems like atomic metals, e.g. sodium or lithium, require a much higher energy density before any electronic or structural changes can occur [31, 32] . At this point, DAC-NMR appeared to be stuck in a crisis until into the late 2000s. It was quickly realised that two major problems should be solved, the first being to achieve stable pressures above 10 GPa with good sensitivities, allowing for realistic and time-saving experiments on nuclei other than 1 H or 19 F, with sample dimensions rapidly decreasing due to the demand for higher pressures. The second issue was a minimisation of the diamond anvils to a point below what was possible at that time in NMR spectroscopy. Apparently, the most promising solution was to use RF microcoils as close as possible to the sample, even if that would mean to place them directly in the sample chamber. From an NMR perspective, the use of micro-coils is preferable to other methods, as they were shown to exhibit excellent mass sensitivities and large bandwidths due to their small size. [33, 34] . Placing such minuscule coils in the pressure chamber of a DAC, however, turned out to be a demanding task. To begin with, the micro-coils would have to be about a factor of 4 to 5 smaller, compared to micro-coils pioneered and characterised before [35, 36] . Furthermore, the issue of safely guiding the coil's leads out of the chamber requires either the use of gold liners, which are prone to rupture under stress, or the carving of channels into the metallic gaskets, which is greatly compromising the overall stability of the DAC under load. In 2009 Suzuki et al. [37] presented an intriguing study on the 51 V-NMR of the one dimensional conductor β-Na 0.33 V 2 O 5 up to 8.8 GPa at cryogenic temperatures. In their figure 1b, a microcoil can be seen placed in the cavity of a Bridgman-type pressure cell 7 . Unfortunately, the authors did not celebrate this ground-breaking advancement of the field with a separate publication, introducing this approach to a wider NMR community. That was done a short time later in the same year by another group using a strikingly similar set-up [38] . Both these set-ups were predominantly used by solid-state physicists investigating highly correlated electron systems at low temperatures. In 2011, about the time when I started to work in this field at the University of Leipzig, Meissner et al. [39] reported the pressure induced closing of the spin pseudo-gap in YBa 2 Cu 4 O 8 at pressures up to 6 GPa and temperatures of about 100 K. The pressure cells were manufactured to be fairly small, Figure from [40] only 22 mm in length and 18 mm in diameter, and thus could be used in a small bore super-conducting NMR magnet, see figure 4 . Similar to the work of Suzuki et al. an average pressure of about 4 to 7 GPa could be realised easily [41, 42] . Even more important than the achieved pressures, which were comparable to the set-ups discussed in the last chapter, was the finding that the microcoil set-up yielded very high signal-tonoise ratios, see figure 5, which could be translated to a spin sensitivity of about 10 13 spin/ √ Hz which is almost four orders of magnitude lower, and thus much more sensitive compared to the set-ups shown in chapter 3 [43] .
Working in an environment dominated by physicists, we fo- [40] cused our research not on structural determination, or more chemically motivated questions under pressure 8 . Our main focus was the change of electronic properties of solids, i.e. pressure induced changes in a solids' band structure, or changes in the occupancy of energy levels of a metals' conduction electrons.
If we think about a solid, be it a metal, semiconductor, or insulator, we realise immediately that reducing the inter-atomic distances will inevitably have a large effect on the solids band structure. The most pronounced of these effects is the transition from an insulator to a metal, i.e. a pressure triggered electron delocalisation. Decreasing the distances between atoms often leads to a broadening of valence and conduction bands, culminating in an overlap of both bands triggering electronic conductivity.
Of course, such a drastic effect will also significantly influence observable NMR parameters, like spin relaxation, or resonance frequencies. Typically, we can define two distinctively different regimes in NMR. On the one hand, there are insulators, e.g. most organic material is insulating, where the shift of resonance frequency is mainly governed by the diamagnetic shielding of the nuclei by low energy paired-up electrons. Thus, the shift is often small, in the range of some ppm. Spin lattice relaxation is predominantly given by dipole-dipole coupling for I = 1 2 nuclei or quadrupolar interactions for I > 1 2 nuclei, and is often in the range from 1 ms up to hours [44] .
On the other hand, as was realised already in the early days in NMR, resonance frequencies in a metal are profoundly higher compared to a non-conducting salt containing the same nucleus [45] . This so-called Knight shift, named after Walter D. Knight in 1949, is a direct consequence of Pauli-paramagnetism, i.e. the hyperfine interaction of the s-like conduction electrons with the nucleus. This electron-nuclear coupling in fact proved to be so dominant that observable Knight shifts are often two to four orders of magnitude higher than the chemical shifts of the insulating compounds of a given metal. Furthermore, Korringa found [46] , based on nuclear relaxation theory from Heitler and Teller [47] , that the spin lattice relaxation times in a metal must also be directly correlated to the hyperfine interaction felt by the nucleus. The famous Korringa relation combines both Knight shift K and T 1 , and shows that the ratio of K 2 and T 1 at constant temperatures only depend on natural constants, and the gyromagnetic ratios of the electron and the nuclei. As the Korringa relation should also be independent of volume, it is a perfect tool to probe and identify metallisation processes. Coincidentally, we were given a sample of nano-crystalline AgInTe 2 powder at the time, synthesized by our chemistry department in Leipzig University [48, 49] . This compound, which is semiconducting at ambient conditions, was believed to become fully conducting at the chalcopyrite to rocksalt structural transition [50] , occurring in a pressure range between 4 and 6 GPa. First experiments on AgInTe 2 powdered samples, which has not been characterised by NMR so far, showed that the 115 In spectra displayed a first order quadrupole interaction -indium is nuclear spin 9/2 -with a quadrupole frequency ν q of about 45 kHz, thus the 8 satellite transitions were found to be heavily broadened and merged into a broad symmetric background around the sharp central transition, see figure 6 . The spectra were found to be relatively strong shielded, having chemical shifts of about -400 ppm relative to an aqueous solution of an indium salt. Furthermore, T 1 relaxation times were found to be in the range of some 10 ms, indicating relaxtion mechanisms governed by quadrupole interaction. Up to about a pressure of 4 to 5 GPa, these parameters were not found to change significantly. Above 5 GPa, however, both the resonance shift as well as T 1 changed rather drastically by about 9000 ppm higher in frequency, and two orders of magnitude faster relaxation times. Combining both effects, the Korringa relation was found to suddenly become volume independent, and not change in a pressure range from 8 to 20 GPa, indicationg electron delocalisation in AgInTe 2 . Up to this point, we had not payed much attention to the problem of hydrostaticity for NMR experiments at pressures above 7 GPa. At these compressions, most of the commonly used pressure transmitting media, like glycerol or Daphne, are solidified. This leads to so-called dry contact of the diamond faces with the gasket and sample, and will result in pronounced pressure gradients. Unfortunately, the influence of non-hydrostatic pressure conditions on NMR spectra or relaxation mechanisms has not been investigated in detail so far. Nevertheless, there is mounting evidence of the importance of this issue for some systems. A good illustrative example is the behaviour of metallic alu- minium under pressures up to 10 GPa. In 2014, Meissner et al. [51] presented experiments on the 27 Al-NMR spectra of metallic Al powder. There, the authors claimed that the observed deviation of the Knight shift and the sudden increase in linewidth at about 4 GPa must be due to a so-called Lifshitz transition, which occurs if a van-Hove singularity of a given energy band in the solid's band structure crosses the Fermi energy E F , and becomes partly filled or unfilled. One might argue that such transitions should be ubiquitous in solids under pressure, as the band structure typically changes quite significantly under compression. However, direct experimental observation of such an effect has been scarce, because these effects are typically smeared out by thermal excitations close to E F . Thus, they should only be observable at low temperatures of about 10 K or below. Unfortunately, no low temperature experiments could be published confirming these findings at 300 K. Careful re-examination of the experimental conditions, however, led to a slightly different, and much more simple, interpretation of these findings. In fact, the 'smoking-gun' evidence correlating the transitions found with the experiment itself was that 4 GPa, the pressure where both observed effects on the 27 Al spectra became dominant, coincides with the reported crystallisation point of the glycerol pressure medium used. Thus, new sets of experiments using paraffin oil as a pressure medium, which solidifies at much higher pressures of about 12 to 13 GPa, showed that both the deviation of the Knight shift as well as the increase in linewidth strongly followed the onset of nonhydrostatic pressure conditions. A more detailed account for these effects are given in [21] . Thus, by now, every NMR spectroscopist should be aware of the deceptional effects occuring when at sufficiently high pressures, their pressure media begin to cristallise.
Within the five odd years of my working with micro-coils, Taken from [52] some serious limitations became obvious. Due to the limited space available in the sample chambers in a DAC, very thin insulated wires had to be used to prepare the coils. Of course, companies providing thin insulation wires made from copper or gold are sparse, and acquiring larger amounts often rather expensive. Furthermore, only organic insulating materials were possible to deposit on the wires, thus limiting their application to low γ n NMR nuclei, because hydrogen backgrounds excessively overlapped with 1 H-NMR spectra. Finally, copper wires sold by Polyfil could be acquired. With these 18 µm thick wires, insulated with Polyurethane, coils of 3 to 6 windings could be manufactured. Thus, the coils had approximate dimensions of 200 -500 µm in diameter and 80 to 160 µm in height. To reach higher pressures, smaller culet faces must be applied, which reduces the initial sample cavity quite significantly. This leads to certain boundaries of the applicability of micro-coils in DACs. To give one example, using a pair of two 500 µm culeted anvils, reaching about 40 GPa on average, requires a sample volume of 160 µm in diameter and 40 to -50 µm in height for best stability; but this would require micro-coils to be made having only two turns, which is almost impossible to manufacture. Another serious problem originated in the use of the gasket ma-500 µm Figure 8 : Photograph of the composite gasket assembly. The diamonds used in this photograph were culeted to 600 µm. Taken from [52] terial. Due to its low magnetic susceptibility, Cu-Be chips were used as gaskets blanks. Unfortunately, this alloy turned out to be quite soft under compression, leading to sample height reductions of almost a factor of four within some GPa, see figure  7 . Such a pronounced cavity collapse would lead to significant deformations of the RF micro-coils, leading to B 1 field inhomogeneities and, thus, reduced sensitivity within a single pressure run. Therewith, the quest for a method for gasket stabilisation was on. A possible solution was found by using so-called composite gaskets, which are made by replacing the pre-indented part of the gasket with a rigid matrix of a nano-crystalline ultra hard material, like diamond or c-BN. A photograph of such a gasket design is shown in figure 8 . Here, an amorphous mixture of α − Al 2 O 3 and epoxy was used within a DAC, using a pair of 600 µm anvils. It could be shown that these gaskets allow for significantly stabilised cavities as illustrated by the much bigger recovered gasket heights in figure 7 . Figure 9 shows time domain solid echoes, as well as their Fourier transform, at pressures up to 30 GPa. As can be seen, even at 30 GPa, features in both time and frequency domain remain sharp, while at the same time allowing for rather high excitation bandwidths. These experiments mark the high point in micro-coil high pressure research. The difficulty in preparing the set-ups, however, greatly limited the applicability of this approach, since they seem to resemble an art form rather than a reliable and reproducible method of science. Also, the results shown in figure 6 and 9 can actually be considered singular events, and an average pressure limit of about 7 to 8 GPa using micro-coils in DACs would be reasonable. Unfortunately, most prominent questions in contemporary physics, chemistry and the geosciences appear to happen at considerably higher pressures. Thus, in order to reach even deeper into the Earth, completely new resonator structures needed to be developed. The Mega-Bar regime awaits!
Think Mega-bars!
Our journey is almost at an end. Despite what the title of this chapter suggests, NMR experiments above 1 Mbar, or 100 GPa, have not been realised so far. But it is a close call. In the course of the last year, high pressure NMR gained momentum, and routinely reaching pressures above 30 to 40 GPa could be feasible even for a broader NMR community. But let us start at the beginning. At the end of the last chapter I have summarised attempts to conduct magnetic resonance at pressures well above 10 GPa. This research also coincided with me obtaining my PhD, and moving on to a purely high pressure oriented institute. Here, it instantly became clear that pressures well above the state-ofthe-art must be realised. Having gathered all the experience from implementing micro-coils in DACs, we began looking for a completely different approach. Experimenting with planar micro-coils or even micro-striplines, it quickly became apparent that something much more robust must be used, as both micro coils and striplines did not sustain the exceedingly high deviatoric stresses in a DAC made for Mbar measurements. The revelation came in form of magnetic flux tailoring Lenz lenses (LL), pioneered by the group of Prof. Korvink in the KIT [53, 54] . These passive electro-magnetic devices are governed by Lenz' law of induction, and could be shown to locally amplify the RF B 1 field at the sample chamber. This very handy focussing effect is predominantly given by the geometry of these lenses. In a two dimensional plane, an outer winding builds up current, which is induced within a small region along the rim of the lens by an excitation coil. The current is fed into the inner part of the lens, where an anti-winding deposits the magnetic field within the LL's inner diameter [55] . Any sample within this inner hole would consequently feel a much higher B 1 than without a lens. In this sense, these LLs work as a flux transformer, and display an astonishing degree of flexibility in terms of their field of application. Of course, we immediately tried to implement these fascinating devices into one of our pressure cells. We used not a symmetric arrangement of diamond anvils at first, but two anvils of much different culet sizes. These so-called indenter cells are often used for feeding small wires into the sample cavities, as the gasket only deforms in the direction of the sharper anvil, leaving a lot of space under the gasket open for further manipulations. Thus, we decided to use a 800 µm base and a 250 µm primary anvil. The LLs were cut out of 5 µm thin gold foil -600 µm outer diameter and 100 µm inner diameter -carefully placed at the centre of the base anvil, and aligned with the 100 µm sample hole of a rhenium gasket. The gasket was covered with a thin layer of korundum in order to electrically insulate it from the LL. The excitation coil was placed directly on the pavilion of the base anvil to achieve sufficient inductive coupling into the LL. Figure 10 shows this set-up. This set-up diamond anvil (800 µm culet) diamond anvil (250 µm culet) rhenium gasket excitation coil Lenz lens sample Figure 10 : Schematic explosion diagram of the resonator setup and the anvil/gasket arrangement. The blue and red arrows denote the directions of the external magnetic field B 0 and the RF magnetic field B 1 , respectively, generated by the excitation coil and the lens, which is compressed between the rhenium gasket and the 800 µm culeted diamond anvil. The enlarged picture shows the RF arrangement of the excitation coil with the Lenz lens. Black arrows denote the directions of the high-frequency current. Taken from [56] proved not only to be exceedingly stable under compression, but also to yield much higher sensitivities compared to all other methods so far. Figure 11a shows one of the first test scans using paraffin oil as a sample. As can be seen, in the case when no LL is used (i.e. NMR experiments only performed with the bigger excitation coil residing at the base anvils pavilion), SNR is very poor, in the order of 10 −3 after a single scan. Using the LL, however, leads to a significant increase in SNR by almost four orders of magnitude, corresponding to detection limits of only 10 12 spins/ √ Hz. The lenses were found to be mechanically stable under compression, see 11b. The overall shape of the LL was kept more or less intact up to a pressure of 72 GPa. Further increase in pressure led to the destruction of the anvils. In 11c, 1 H-NMR spectra of paraffin at increasing pressures of up to 72 GPa are shown. These spectra are all acquired after a single scan and demonstrate impressively how the spin sensitivity basically remains constant under compression; this is in drastic contrast to what was observed with the micro-coil setup. The attentive reader might have recognised that the spin sensitivities realised with the LL resonators are about 2 up to 4 orders of magnitude lower, thus more sensitive, compared to the micro-coil set-ups. The reason for this might strike some as trivial, but I would like to explain it nonetheless. Consider using a micro-coil of 150-200 µm in height and about 300-400 µm in diameter in a DAC equipped with two 800 µm anvils. The sample cavity in such a DAC is most often much bigger than what is considered a 'safe' pressure cell 9 . Under compression, of course, such a DAC can be at best considered rather unstable, and the sample cavity is prone to collapse due to significant flow of the Cu-Be metal. Thus, every micro-coil will be subject to immense deformations, leading to a decrease in the 'effective' sample cavity. To underline this thought, numerical simulations have been conducted of the RF B 1 fields in a micro coil set-up as well as for a LL-resonator, see figure 12 .
In accordance with similar calculations from van Bentum et al. [57] , the B 1 field map in the x-z plane of a flat micro-coil, with a length-to-diameter ratio of less than unity, the magnetic field is fairly inhomogeneously distributed, with the highest magnetic fields close to the respective windings. The effective observable sample volume, V e f f , with a B 1 homogeneity within 20% of the central field, is about 1.7 nl, which is about 14% of the total available sample space, and stores only 6% of the total magnetic field energy of the micro-coil. Moreover, as indicated by the deformed resonator, the B 1 field homogeneity greatly suffers from an irregular arrangement of the currentcarrying wire segments of the micro-coil. This deformed state typically arises already at relatively low pressures. Depending on the choice of gasket materials and the geometry of the sample cavity, a collapse can occur at relatively low pressures of some GPa, which will lead to significant deformations of the interior of the cavity, including the placed micro-coils. In this particular case, V e f f drops to a 1/20th of a percent because of significant B 1 field inhomogeneities, while at the same time storing only about 0.003% of the total magnetic field energy. In addition, at these compressions, the risk for coil gasket or inter turn short circuits increases rapidly [42] , rendering the application of micro-coils in DACs increasingly unreliable above 10 GPa. In the case of the Lenz lenses, on the other hand, the RF B 1 field appears to be homogeneous over more than at least 40 to 50% of the total sample cavity, storing about 30% of the magnetic field energy. Strikingly, under compression, the situation does not deteriorate significantly, and both the stored energy (35 %) and V e f f ( 47 %) remain almost constant. The B 1 field strengths of the LL resonators found in the simulations compare well with the actual field strengths found via nutation experiments, which is further evidence of the applicability of this approach. Application of LLs in DACs proved to be a real game changer. From now on, diamond anvil cells of standard design could be used, closely following well established preparation guide lines [58] . This opens, at least in principle, the door for NMR at 100 GPa! Let us proceed to the most recent technical advancement. Using a diamond indenter cell, as in the aforementioned case, poses some limitation on the maximal reachable pressure ranges (if two diamonds of different culets typically have a somewhat lower maximal pressure than two identical diamonds). For example, two diamonds of 500 µm culets might reach pressures of about 40 GPa. But if we were to substitute one anvil with a [56] 700 µm culeted anvil, the maximal pressure could drop to below 30 GPa. Thus, if we want to penetrate the Mbar regime, we need to develop a method for using the LLs in a symmetrical arrangement of anvils. With the introduction of the so-called Double Stage Lenz Lens (DSLL) resonator, this problem could be solved [59] . The setup uses a thin layer of deposited copper on the complete surface of the anvils. A structure of two lenses was cut into this layer using a focused ion beam. The first stage LL is situated along the pavilion of the anvil, with its inner diameter slightly below the diamond's culet face. The second stage LL is the main driving LL and lies directly on the culet. It has an outer diameter of 250 µm and an inner diameter of 80 µm, closely following the sample hole diameter. The DSLL resonator is driven by a multi-turn copper coil of 4 mm in diameter placed around the diamond anvil. This resonator structure was also realised on the other anvil. After loading and pressurising, both driving coils were connected to form a Helmholtz coil arrangement. Figure 13 shows photographs into the pressure cell equipped with such a DSLL resonator, and a BX90 pressure cell on a widebore NMR probe. The working principle of these DSLL-resonators is similar to the single LL resonators with an additional LL to further focus the B 1 field at the sample chamber. One could ask why an application of a single LL would not work as well; the reason is that a single LL running over the sharp edge of the culet would have been cut off under compressional strain. Furthermore, as this ripping off would most likely not occur in an evenly matter, the complete resonator would inevitably turn into a lossy inductor. First experiments have been performed recently on an initial sample of 100 pl of water. Figure 14 shows an obtained solid echo train at 90 GPa. For these experiments, only 1000 scans were accumulated, resulting in a SNR per shot of about 39, and a time domain limit of detection of 5 · 10 11 spins/ √ Hz, which is about a factor of two lower than in the case of a single LL. This last development is particularly easy to prepare, as no time consuming alignment processes, or meddling with microcoils, is necessary. Furthermore, these are the first experiments with a standard DAC allowing to access the complete available pressure range of the chosen diamond. In this case, 90 GPa is widely considered to be the limit for standard Drukker-type diamonds of 250 µm without a bevel. In fact, X-ray absorption measurements on these cells at 90 GPa have shown the diamonds to be heavily stressed, leading to a cupping of the culet faces to a degree that both diamond rims are almost touching one another. Thus, a further increase in pressure will certainly result in complete destruction of the anvils. As already stated at the beginning of this chapter, the border to the Mbar regime has not been passed yet, but the recent developments leaves one to argue that this might only be a matter of time. Of course, application of smaller culet sizes, and thus higher pressures, will inevitably reduce the available ini- Figure 12 : Magnetic field maps of the B1 fields generated by a micro-coil of four turns (400 µm in diameter and 100 µm in height, left), and of a Lenz lens made from a solid sheet of gold foil (right). Above the initial configurations, the figure shows two deformed set-ups at a stage where the initial height and diameter of the sample cavity are reduced by 50%, occuring well below 10 GPa when bigger CuBe gaskets were used. Using flat rhenium gaskets, this state of deformation typically occurs at substantially higher pressures. Indicated as an overlay are the geometries of both RF resonators and the corresponding gaskets. The deformed state of the micro-coil was reproduced from a photograph of an opened pressure cell working up to 6 GPa. Different gasket materials were used in both set-ups, which were also included in the simulations. The dotted lines represent the effective observable sample volume. Taken from [56] tial sample volume; but on the other hand, the sensitivity of the DSLL-resonator will benefit from the increased proximity due to smaller inner diameters of the second stage LL, as well as a reduced distance between both pairs of LL on the advancing diamonds. 
A Few Last Words
Within this admittedly rather short overview about the technical evolution of high pressure NMR devices, we came across an extraordinary degree of ingenuity. Every little step towards the final installments has certainly been difficult, riddled with mishap and frustration. Nonetheless, the pressure possible nowadays surpasses what was thought possible some years ago almost a hundred fold. It is often said that progress in diamond anvil cell research is by no means revolutionary but evolutionary, every advancement in the field comes together with a new problem longing for a solution. This thought seems to be particularly accurate for high pressure NMR. At this point, DAC-NMR advanced both in terms of NMR sensitivity and in achievable pressures to an amount which was widely believed impossible. In fact, over the course of my relatively short academic career, I was met with both disbelieve and ridicule about my vision to perform NMR above 100 GPa. But, as years went by and the field went forward, the voices of the skeptics became increasingly quieter. And as we face the world of real high pressure, both NMR and high pressure communities slowly begin to show interest in each other.
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